We worked to establish relationships among porosity, permeability, resistivity, and elastic wave velocity of diagenetically altered sandstone. Many such relationships are documented in the literature; however, they do not consider diagenetic effects. Combining theoretical models with laboratory measured data, we derived mathematical relationships for porosity permeability, porosity velocity, porosity resistivity, permeability velocity, velocity resistivity, and resistivity permeability in diagenetically altered sandstone. The effects of clay and cementation were evaluated using introduced coefficients in these relationships. We found that clean sandstone could be modeled with Kozeny's relation; however, this relationship broke down for clay-bearing and diagenetically altered sandstone. Porosity is the first-order parameter that affects permeability, electrical, and elastic properties; clay and cement cause secondary effects on these properties. Rock physics modeling results revealed that cementation had a greater effect on elastic properties than electrical properties and clay had a larger effect on electrical properties than elastic properties. The relationships we provided can greatly help to determine permeability, resistivity, and velocity from porosity and to estimate permeability from resistivity and velocity as well as to determine resistivity from velocity measurements.
Introduction
Sandstone is one of the most significant groups of reservoir rocks because approximately half of the known hydrocarbon reserves are in sandstone. Sandstone has better granular geometry than carbonate rocks; therefore, interpretation of this type of rock can be considered an easier task. Sandstone is often found to have undergone diagenetic processes (Figure 1 a schematic example). However, diagenesis comprises a broad spectrum of physical, chemical, and biological postdepositional process by which origin sedimentary assemblies, and their interstitial pore waters, react in an attempt to reach textural and geochemical equilibrium with their environment (Curtis, 1977) . Diagenesis of sandstone, resulting in for example, quartz overgrowth ( Figure 1c ) or porefilling clay minerals (Figure 1d ), can greatly change the shape of intergranular pores and the corresponding physical properties. Clay and cement in sandstone also increase the complexity of rock physics analysis and degrade the overall reservoir quality compared to clean sandstone. Therefore, we cannot ignore such diagenetic effects during our rock physics studies.
Literature review
Porosity and permeability are two of the most important parameters required for reservoir modeling (Zhou and King 2011) , well placement, and reservoir management (Zhou and King, 2013) , etc. Both vary as a function of pore geometry, grain packing, grain shape, pore-filling solids, sorting, and any associated diagenetic facies. In general, permeability increases with an increase in porosity; however, such correlation is not quite straightforward: We may have two rocks with the same porosity but with completely different permeability. To facilitate rock physics study, it is common practice to derive a porosity-permeability approximated relationship. Kozeny (1927) introduces the relationship among porosity (ϕ), permeability (k), and specific surface area of bulk volume (S) by using the well-known Kozeny's equation as
where c is Kozeny's constant. This constant can be calculated from porosity as Mortensen et al. (1998) , if square tubes of the porosity model are assumed:
The specific surface area with respect to pores (S p ) can be estimated as 1 Formerly Rock Solid Images, Houston, Texas, USA; presently ION Geophysical, Houston, Texas, USA. E-mail: drzakirhossain2012@hotmail.com.
Several permeability models are found in the literature (Table 1, Figure 2 ). Most permeability models are basically derived from Kozeny's equation, and few of them are empirical. Among them, the Kozeny-Carman (Carman, 1961) model is mostly used, rather than the Kozeny equation. Archie (1942) describes the relation between resistivity of the fully saturated rock R o and resistivity of the pore fluid R w as the formation factor, F:
Archie (1942) also describes an empirical relation between formation factor, cementation factor m, and porosity in brine-saturated reservoir rock as
The cementation factor varies with porosity and pore size (Focke and Munn, 1987) and grain shape (Wyllie and Gregory, 1955) , and for sandstone it varies with permeability (Raiga-Clemenceau, 1977 ). Archie's law is sometimes written as
where ϕ o is the percolation porosity below which there are no conducting pathways and the rock conductivity is zero (Mavko and Nur, 1997 ). Archie's law can be simplified as
where a is an empirical constant close to one. A value of less than one or larger than one results from trying to fit an Archie-like model to rocks that do not follow Archie behavior (Mavko et al., 2009 ). Therefore, a corrects for clay and other conducting minerals. Note that Archie's second law that relates saturation to porosity and rock resistivity is also widely used in industry. Because saturation is not within the scope of this work, we will focus on equation 7 only. For clay-bearing sandstone, the electric conductivity is also influenced by clay. Rock conductivity is not only Table 1 . Different types of porosity permeability relationship and their corresponding equations and authors.
Model name
Reference Equation
Coates-Dumanoir Coats and Dumanoir (1974) Nomenclature: k, porosity; k tubes , tube permeability; k cracks , crack permeability; ϕ, porosity; w, width of crack; r, radius of tube; size, grain size (mm); sort, sorting coefficient; content, rigid grain content; m, cementation exponent; S wi , irreducible water saturation; d, pore diameter; τ, flow tortuosity; S, specific surface area; d, pore diameter; B, geometric factor; ϕ c , percolation porosity; s, skewness of particle-size distribution (PSD); CDP, coefficient of variation of PSD; DPM, mean particle sizes; s, specific surface area; and C, Kozeny's constant SA108 Interpretation / February 2015 controlled by pore water salinity, but also by an excess of ions in a scattered double layer around clay particles (Waxman and Smits, 1968) . The dual-water model (Clavier et al., 1984) divides the total water content into the bound clay water and the far water, away from the clay. The Indonesian model (Poupon and Leveaux, 1971 ) is often the main alternative for the Archie model. Figure 3 summarizes some relationships between the formation factor and porosity, for different sandstone, according to Hacikoylu et al. (2006) . We observe that shale content decreases the formation factor: Clean sand has the largest formation factor, followed by average sand, and finally shaley sand has the smallest formation factor. These differences are small when the porosity is close to the critical porosity of sandstone as 0.4. Also, consolidated sandstone and unconsolidated sandstone have a similar porosity and formation factor relationship, and unconsolidated sandstone has a slightly higher formation factor at low porosities and slightly lower formation factor at high porosities. Even though cementation of sandstone also has an effect on resistivity (Hossain and Cohen, 2012) , few studies have been performed to describe the contact cement effect on sandstone resistivity.
Porosity is the primary mechanism affecting acoustic velocity (Wyllie et al., 1956) . Acoustic properties of rocks are also a function of saturation (Wyllie et al., 1958) , pressure (Wyllie et al., 1958) , pore type (Nur and Simmons, 1969) , and pore fluid distribution (Mavko and Mukerji, 1995) . The acoustic velocity of rocks also depends on the diagenetic properties of those rocks (Hossain et al., 2011b) . Figure 4 shows the rock physics relations between seismic velocity and porosity based on modified Hashin-Shtrikman bounds. The soft-sand model is a modified Hashin-Shtrikman lower bound, whereas the stiff-sand model is a modified Hashin-Shtrikman upper bound (Dvorkin et al., 1994; Dvorkin and Nur, 1996) . These models assume that the starting framework of sand is a dense random packing of identical spherical grains with an initial critical porosity. The soft-sand model assumes that the cement is deposited away from grain contacts, and thus it gives the lower bound (Dvorkin and Nur, 1996; Dvorkin et al., 1994) . In contrast, the stiff-sand model assumes that the cement is deposited close to grain contacts, and thus it gives the upper bound (Dvorkin et al., 1994; Dvorkin and Nur, 1996) .
Electrical and elastic data often allow us to accurately quantify hydrocarbon saturation. A combination of elastic and electrical properties could offer a powerful means for solving the problem of hydrocarbon saturation. Therefore, we are aiming to relate resistivity and velocity. Faust (1953) presents an empirical relation between the measured resistivity of a watersaturated formation and velocity as a function of depth Z:
Normally, acoustic velocity depends on the compressibility of rock pore fluids. In contrast, resistivity in porous media with resistive minerals depends on pores and pore fluids. As the porosity increases, elastic velocity decreases and resistivity decreases (hence, the formation factor also decreases). There are other factors that may influence this relationship. Elastic velocities are influenced by diagenetic processes in rocks (Hossain et al., 2011b) . However, the effects of diagenetic processes on resistivity are not yet well described. To explain the diagenetic effect, we model the resistivity and velocity relationship by combining the soft-sand model and stiff-sand model with Archie's equation. Gomez (2009) finds the following velocity and resistivity transform from the stiff-sand model and Archie's equation: Hacikoylu et al. (2006) find the following velocity and resistivity transform from the soft-sand model:
Electrical resistivity and elastic properties are usually easier to measure in the laboratory and in situ than permeability. Defining a relationship between permeability and electrical resistivity would be useful for determining fluid flow in reservoir rocks from resistivity data. Therefore, we aim to relate resistivity and permeability. Resistivity is directly related to porosity, and in the same way a relationship may be expected between porosity and permeability. Therefore, a relationship between resistivity and permeability could in principle be found, although no rigorous solution has yet been found. Physically, these relationships may be explained by combining Archie's equation (Archie, 1942 ) and Kozeny's equation (Kozeny, 1927) . Combining equations 1, 3, and 7, we find the following relationship between formation factor and permeability:
Walsh and Brace (1984) derive the Kozeny permeability relation using the formation factor:
where c is a Kozeny constant, Based on Walsh and Brace (1984) , c is equal to two for circular pores and three for flat cracks. The electrical tortuosity is τ, and it is related to the porosity and formation factor through the relationship τ ¼ ϕF. Fredrich et al. (1993) give a comparable relationship:
where S v is the specific surface area of pores and b is the shape factor. Worthington (1993) defines the relationship between the formation factor and permeability as
where b and c are positive empirical constants. It is clear that equations 13 and 14 are the alternative form of equation 12, where empirical constants b and c are related to the specific surface area, cementation factor, and Kozeny's constant. Raiga-Clemenceau (1977) simplify the relationship between permeability (mD) and the cementation exponent as
Porosity is the primary controlling factor for permeability and velocities. Therefore, a relationship may be expected between elastic wave velocities and permeability of rocks. However, elastic velocity and permeability can behave in different ways to the characterization of rocks.
The objective of this study is to reexamine the relationships among electrical properties, elastic wave velocity, porosity, and permeability of diagenetically altered sandstone. In this study, we used laboratory measured porosity, permeability, resistivity, and velocity data from glauconite-bearing greensand from the North Sea, Fontainebleau sandstone, and clay-bearing sandstone from the UK. We analyze how porosity relates to permeability, resistivity, and velocity using laboratory measured and theoretical models. We derive porositypermeability models for clean sandstone, clay-bearing sandstone and glauconite-bearing sandstone. We also examine the relationship among resistivity and velocity, velocity and permeability, as well as resistivity and permeability.
Data and method
We used three laboratory measured data sets: glauconite-bearing greensand from the North Sea (Hossain, 2011) , Fontainebleau sandstone (Gomez, 2009) , and clay-bearing sandstone (Han, 2010) . Each data set contains measurements of porosity, permeability, resistivity, velocity, and clay content. The glauconite-bearing Paleocene greensand is obtained from the Hermod and Ty Formations. Samples from both formations are dominated by quartz but also contain a large volume of glauconite (20%-25%). A smaller amount of feldspar, mica, as well as pore-filling and pore-lining minerals are also present in the studied greensand samples. Greensands from the Hermod Formation have higher permeability compared to the Ty Formation. The main difference between these two formations is that samples from the Hermod Formation are only weakly cemented, whereas samples from the Ty Formation contain berthierine or microcrystalline quartz cement (Hossain et al., 2011a) . The Oligocene Fontainbleau sandstone is from the Ile De France, France. The mineralogy of these samples is 100% quartz with an average grain size of 250 μm (Gomez, 2009 ). The clay-bearing sandstone (Han, 2010) includes 1 Berea sandstone sample, 3 sandstone samples from the Andrew Field of the North Sea, 10 samples from the Whitchester test site, with the other samples from different parts of the UK. The clay-bearing sandstone is dominated by quartz (40%-83%) but also a large volume of clay (0%-30%). Larger amounts of feldspar as well as other minerals (0%-60%) are also present in the studied sandstone samples. The clay mineral includes illite, smectite, kaolinite, and chlorite. Figure 5 describes the correlation among pore-filling berthierine and porosity, permeability, formation factor, and velocity, based on the 16 core plugs of the North Sea greensand. Pore-filling berthierine seems to have a good linear relationship with these properties, with the exception of permeability. Pore-filling berthierine content increases with a decrease in porosity and permeability, but an increase in formation factor and velocities. However, these correlations are scattered. Apparently, some other geologic factors have to be considered to acquire a better understanding of such correlations. Figure 6 shows the correlation among clay content, porosity, permeability, formation factor, and velocity, based on the sample from Han (2010) . Similar to porefilling berthierine, if the clay content is lower than 15%, then the clay content increases with a decrease in porosity and permeability, but an increase in formation factor and velocities. If clay content is more than 15%, the porosity and permeability increase, but the formation factor and velocities decrease, with the increase of clay content. Even though such correlations are scattered, the clay effect of the Han (2010) data can be described by the Marion model (Marion, 1990) .
Initially, we established porosity-permeability, porosity-resistivity, and porosity-velocity relationships for clean sandstone, glauconite sandstone, and clay-bearing sandstone. Then, we extended these relationships in the permeability-resistivity, permeability-velocity, and velocity-resistivity attributes spaces. We used three laboratory measured data sets, and the fundamental assumptions are: Fontainebleau sandstone (Gomez, 2009 ) represents the clean sandstone, sandstone from Han (2010) is used as the clay-bearing sandstone, and glauconite-bearing greensand (Hossain, 2011) represents the cemented sandstone. In this study, we described two diagenetic processes: effect of clay and effect of cement. We described the clay effect as the difference between clean sandstone and clay-bearing sandstone as well as the difference between cemented sandstone and clay-bearing sandstone. Similarly, we described the cement effect as the difference between clean sandstone and cemented sandstone as well as the difference between cemented sandstone and clay-bearing sandstone. The effect of clay type, amount of clay, and distribution of clay were not addressed in this study. Similarly, we described the effect of cement, though, the effect of cement distribution was not addressed in this study. Results and discussion Modeling of porosity permeability Figure 7 shows the crossplot of porosity and permeability for clay-bearing sands (black points, Han [2010] ; the clay contents are shown in Figure 6 ), greensands (green points, Hossain, 2011) , and clean sands (blue points, Gomez, 2009) . Different porosity and permeability model curves (Table 1) are also plotted for reference. We observe that some clean sands and clay-bearing sands with low clay content, porositypermeability relation may be captured using reference curves. However, these references curves do not adequately describe the clay-bearing sands and cemented greensand. For clay-bearing sands, due to the clay effect, the permeability decreases, given certain porosities. Similarly, permeability also decreases due to the cementation in greensand. Figure 8 shows a porosity-permeability relationship study for the greensand in the North Sea. To demonstrate the effect of cementation on permeability, we show the crossplot of porosity and permeability of samples obtained from the Ty (triangular points) and Hermod (circle points) Formations obtained from Hossain (2011) . In the crossplot, reference lines, which represent Sp, in μm −1 , are calculated by using equation 3. The samples from the Hermod Formation are weakly cemented (Figure 8b ) and have higher porosities and permeability. The porosity-permeability relationship in this formation follows the trends predicted by Kozeny's equation. The samples from the Ty Formation are cemented (Figure 8c ), their porositypermeability relationship is scattered, and the data do not follow Kozeny's trend. Figure 8d shows the comparison between laboratory measured permeability versus predicted permeability using Kozeny's equation using specific surface area predicted from image analysis. The predictions are good for the samples from the Hermod Formation where diagenetic features are minimal; however, we overestimated the permeability for the samples from the Ty Formation (Figure 8d ). Overpredicted permeability for diagenetic samples does not mean that Kozeny's equation is inadequate for predicting the permeability of cemented samples. Rather, we are unable to accurately predict the specific surface area of cemented samples from the image analysis. Alternatively, the specific surface area measured from BET (Brunauer-Emmett-Teller) analysis will be too high to predict low permeability using this method (Hossain et al., 2011a) . Even though the specific surface area is an important parameter for permeability prediction, we can seldom measure this parameter accurately, especially for diagenetic samples. To simplify this, we provide a relationship between specific surface area and porosity. Figure 9 shows the diagenetic modification of primary controls on the porosity permeability, and specific surface area relationships. Figure 9a shows the three SA112 Interpretation / February 2015 porosity-permeability trends, which are obtained through the curve fitting to different reservoir sands. Blue points are clean sandstone samples from Gomez (2009) , black points are clay-bearing sandstone from Han (2010) , and green points are the greensand from the North Sea (Hossain et al., 2011a) . The blue arrows show the effect of the diagenetic modification. Increasing the clay content will force the porosity permeability to move in the direction that the arrow indicates. Similarly, increasing the cement will decrease the permeability, but porosity does not suffer a significant decrease. Figure 9b shows the model derived porosity-specific surface area of the bulk volume and how this relates to the porosity-permeability trends (three lines from Figure 9a ) using Kozeny's equation (Kozeny, 1927) . We observe that for each type of sand, the porosity and specific surface area of the bulk volume have an empirical linear relationship in the log-log plot. Thus, porosity and specific surface area of bulk volume have the following relationship: where a and b are the coefficients that need to be determined according to the rock type. 
For clean sandstone, a is −1.0 and b is −2.2; for claybearing sandstone, a is −2.5 and b is −2.3; for greensand with pore-filling cementation, a is -5.5 and b is −3.0. For these correlations, intercept b is quite stable (2-3), despite the clay or cement content, but the slope a increases with the clay and cement content. Intercept b is obtained at higher porosity end members where the diagenetic effect is minimal. Therefore, we should expect stable intercept values for clean sand, clay-bearing sand, as well as cemented sand. However, slope a should be related to diagenetic effects. Slope a increases as a function of the clay effect and the cement effect, which describe that the specific surface area is increasing from clean sandstone to clay-bearing sandstone as well as specific surface area increases from clay-bearing sandstone to cemented sandstone. Therefore, a small amount of quartz cementation on the surface of the quartz grain can significantly reduce the permeability of cemented sandstone (Hossain et al., 2011a) . With the simplified porosity-permeability model provided, assuming we can determine the coefficients a and b, given a certain rock type and porosity, we can easily determine the permeability by using the modified Kozeny's equation, which is from the empirical regressions (equation 17). Figure 10 shows the formation factor and porosity relationships for different sandstone: clean sandstone, clay-bearing sandstone, and greensand with pore-filling cement. Also, the model curves shown in Figure 3 are plotted here for reference. As we have seen in Figure 7 , such model curves can be present in the clean sand trend, but they cannot adequately represent the claybearing sands or cemented sandstone. For clay-bearing sands, due to the clay effect, the formation factor will increase, given certain porosities. Figure 11a shows the formation factor and porosity relationships for different sandstone. The samples are plotted together with different model curves, using Archie's equation (Archie, 1942) . We generated three model curves using cementation exponents of 1.8, 2.3, and 2.5. The larger cementation exponent will produce a larger formation factor; therefore, we see that most of the clean sandstone falls in the range of the cementation exponent from 1.8 to 2.3, whereas most of the clay-bearing sandstone and cemented sandstone with pore-filling cement fall in the range of cementation exponent from 2.3 to 2.5. Basically, when the cementation exponent is 1.8, Archie's equation will give the lower bound of the formation factor, which better represents the clean sandstone trend, and when the cementation Figure 10 . Formation factor and porosity relationship for three types of sandstone; model curves represent different types of porosity formation factor relationship for different sandstone as shown in Figure 3 . Diagenesis and pore structure are primary textural controls on the porosity-resistivity relationship. Clay-bearing and cemented sandstones show different trends than models obtained from the published literature as shown in Figure 3 . exponent is 2.5, Archie's equation will give the upper bound of the formation factor, which better represents the cemented sandstone trend. However, a significant number of clay-bearing samples fall in the same region as clean sandstone, they are related with the distribution of clay, the type of clay, the amount of clay, as well as the diagenetic history of clay ( Figure 6 ). Furthermore, if the percentage of porosity is higher than the clay content, then pore-filling clays do not occupy all the available porosity (Marion, 1990) ; in that case, the formation factor of those samples is dominated by the geometry of the grain framework (Han, 2010) . Alternatively, if the percentage of porosity is lower than the clay content, then porosity is filled by clay content (Marion, 1990) ; in that case, the formation factor of those samples is dominated by geometry of the clay mineral assemblages (Han, 2010) . Similarly, few claybearing samples are in the same region with cemented sandstone; they are related with cementation of quartz grains of clay-bearing sandstone. Han (2010) described the presence of quartz cementation in his studied samples.
Modeling of porosity resistivity
We modeled resistivity as a function of porosity using the self-consistent (SC) approximations (Berryman, 1995) (Figure 11b ). In our effective-medium modeling, we assigned very high resistivity to the mineral phase quartz (10 15 Ωm). The porosity and resistivity laboratory data set may be modeled with pore aspect ratios (ARs) between 0.01 and 1. In the case of greensand, we found that we had to include spherical pores to explain the lower resistivity, whereas, for clay-bearing sandstone as well as for clean sandstone, we found that we had to include penny-shape-like pores to explain the higher resistivity. Figure 12a shows velocity and porosity relationships for different sandstone. The samples are plotted together with the rock physical modeling as described in Figure 4 . Most of the clean sandstone (blue points) follows the stiff-sand trend, but the clay-bearing sandstone (black points) and greensand with pore-filling cement (green points) deviate from the stiff-sand trend due to the diagenetic effects. The blue arrows show that increasing the clay content will decrease the porosity and increase the velocity. Similarly, increasing the cement will also increase the velocity, but the porosity does not significantly decrease.
Modeling of porosity velocity
We modeled velocity as a function of porosity using the SC approximations (Berryman, 1995) (Figure 12b ). The porosity and velocity laboratory data set may be modeled with pore ARs between 0.01 and 1 and a grain AR of 1. However, the effect of clay and cement cannot be properly captured using this model.
We simplified soft-sand and stiff-sand model curves with empirical regressions. Here, we can see that the soft-sand model usually provides the lower bound of the velocity, and it can be fit with a power equation as Gardner et al. (1974) describe a similar power law relationship for velocity and density (ρ ≈ 1.74V 0.25
The stiff-sand model provides the upper bound of the velocity, and it can be fitted with a linear equation as
Han (1986) defines a similar relationship (V P ¼ −8.06ϕ þ 6.08) for laboratory-measured clean-watersaturated sandstone at 40 MPa. With the above two equations, we can simplify the estimation of the bounds of the velocity, given a certain porosity. The coefficients within the equations may change with different rocks. Soft-sand and stiff-sand models can be applied to different rock types, as long as the elastic constants (moduli), critical porosity, and coordination number in the HertzMindlin model are known. However, the purpose for the curve fitting is to simplify such models so they can easily combine with the permeability and resistivity models to derive a model between seismic velocity and permeability as well as seismic velocity and resistivity. Figure 13 shows the permeability-velocity relation for three types of sandstone. By increasing the velocity, the permeability will decrease. Here, the permeability is modeled using Kozeny's equation (Kozeny, 1927) . The porosity and specific surface area of the bulk volume have a linear relationship in the log-log plot (Figure 9b) . By changing the coefficients a and b, we can derive the specific surface area of the bulk volume and the permeability for certain types of sandstone using Kozeny's equation. As discussed in Figure 9a , the model for clean Figure 12. (a) Modeling of porosity and velocity relations using rock physics diagnostics as described in Figure 4 . Diagenesis and pore structure are primary textural controls on porosity-velocity relationships. The green curve is obtained from the soft-sediment model for greensand. (b) Modeling of porosity and velocity relations by SC approximation for grain AR of 1 and pore AR from 0.01 to 1.
Relationship between permeability and velocity
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sandstone gives the upper bound on permeability and that for cemented sandstone gives the lower bound on permeability with the same porosity. Velocity is modeled using the stiff-sand and soft-sand models as discussed in Figure 12 . Similarly, the velocity from the soft-sand model gives the lower bound on the velocity and velocity from the stiff-sand model gives the upper bound on the velocity with the same porosity. The lower bound can be estimated with a power equation, and the upper bound stiff-sand model can be estimated with a linear equation. Combing equations 17, 18, and 20, we can have the mathematical expressions for these four modeled curves. For the first and second cases modeled with the stiff-sand model, we have
For the permeability model for pure sandstone (the first case), a is −1.0 and b is −2.2; for the permeability model with cemented sandstone (the second case), a is −5.5 and b is −3.0.
For the third and fourth cases modeled with the softsand model, we have
1.86 0.28ð3−2aÞ 10 −2b .
As before, for the permeability model for pure sandstone (the fourth case), a is −1.0005 and b is −2.2; for the permeability model with cemented sandstone (the third case), a is -5.5 and b is −3.0. Such simplified relations taken from different models can help us to determine the bounds of the permeability and velocity. Because we can obtain both bounds for the permeability and velocity for each value of porosity, these bounds will become a rectangular region where all the permeability-velocity points with the same porosity will fall in the crossplot. Inside the rectangular region, the cementation effects can move the data from left to right (soft-sand model to stiff-sand model) and also from bottom to top (changing the coefficient a and b for the permeability model). We observe that for the clean sandstone (blue points), most data follow the upper bounds of the velocity-permeability trend.
Relationship between resistivity and permeability Figure 14 shows the formation factor-permeability relation for three types of sandstone. With the increasing formation factor, the permeability will decrease. Figure 14 also shows different rock physics modeling for the permeability and formation factor for three types of sandstone. The permeability is modeled using the Kozeny's equation (Kozeny, 1927) . The permeability model for clean sandstone provides the upper bound on permeability, whereas the permeability model for cemented sandstone provides the lower bound of permeability for the same porosity. The formation factor is modeled using Archie's equation as discussed in Figure 11 . When the cementation exponent m is equal to 2.5, it will give the upper bound of the formation factor, and when m is equal 1.8, it will give the lower bound of the formation factor.
Similarly, combing equations 17 with Archie's equation, we can have the mathematical expressions for these four modeled curves:
where m is the cementation exponent. For clay-bearing sandstone, m is 2.5, and for pure sandstone, m is 1.8; for the permeability model for pure sandstone a is −1.0 and b is −2.2; for the permeability model with cemented sandstone (the second case), a is −5.5 and b is −3.0.
For each porosity value, these bounds of permeability and formation factor will become a rectangular region where all the permeability-formation factor points with same porosity will fall in the crossplot. Inside the rectangular region, clay effects (increasing cementation exponent) move data from left to right and cementation effects (changing the coefficient a, and b for permeability model) move data from bottom to top. Figure 15a shows modeling of velocity-formation factor relations by SC approximation for grain AR of 1, and pore AR from 0.01 to 1. It is clear evidence that this Figure 13 . Modeling of permeability-velocity relationship: 1, model is derived from stiff-sand model and permeability model for pure sandstone; 2, model is derived from the stiff-sand model and permeability model for cemented sandstone; 3, model is derived from soft-sand model and permeability model for cemented sandstone; and 4, model is derived from the softsand model and permeability model for pure sandstone. Given a porosity value, for example 0.2, the possible region of permeability velocity should fall in a rectangular square (marked) in the crossplot. The permeability model for pure sandstone gives the upper bound of permeability, and the permeability model for cemented sandstone gives the lower bound of permeability. Similarly, the stiff-sand model gives the upper bound of velocity and the soft-sand model gives the lower bound of the velocity.
Relating electrical and acoustic properties
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theoretical model does not describe the velocity-formation factor relationship. Comparing Figure 11b and Figure 12b , we observed that for electrical property modeling, we require one type of ARs and for elastic properties modeling, we require another type of AR. Because we need different a type of AR for different property modeling, this model does not describe the velocity-formation factor relationship. Figure 15b shows velocity-formation factor relations for three types of sandstone. With increasing velocity, the formation factor will also increase. As we discussed before, permeability and the formation factor have upper bounds and lower bounds. For velocity, the soft-sand model will produce the lower bound and the stiff-sand model will produce the upper bound. For the formation factor, Archie's equation with m ¼ 1.8 will give the lower estimation, while the same equation with m ¼ 2.5 will give the upper estimation for these sandstones.
Combing equation 17 and 20 with Archie's equation, we can derive the mathematical expressions for these four modeled curves. For the first and second cases with the stiff-sand model, we have
For clay-bearing sandstone (the first model), m is 2.5; for the pure sandstone (the second model), m is 1.8.
For the third and fourth cases using the soft-sand model, we have Figure 14 . Modeling of formation factor-permeability relationship: 1, model derived from the formation factor model for clay-bearing sandstone and permeability model for pure sandstone; 2, model derived from the formation factor model for clay-bearing sandstone and permeability model for cemented sandstone; 3, model derived from the formation factor model for pure sandstone and permeability model for cemented sandstone; 4, model derived from the formation factor model for pure sandstone and permeability for pure sandstone. As in Figure 13 , given a certain porosity, such as 0.2, the possible region of formation factor-permeability should fall in a rectangular region (marked) in the crossplot. The permeability model for pure sandstone gives the upper bound of permeability, and the permeability model for cemented sandstone gives the lower bound of permeability. Similarly, as we discussed in Figure 11 , clay-bearing sandstone's formation factor can be derived using Archie's equation, when m ¼ 2.5. This will give the upper bound of the formation factor. And pure sandstone's formation factor can be derived using Archie's equation when m ¼ 1.8, which gives the lower bound of the formation factor. and (4) model derived from the soft-sand model and formation factor model for clay-bearing sandstone. As in Figure 13 , given a certain porosity, for example, 0.1, the possible velocity-formation factors should fall in a rectangular region (marked) in the crossplot. The stiff-sand model gives the upper bound of velocity, and the soft-sand model gives the lower bound of velocity. Similarly, as we discussed in Figure 11 , the formation factor of clay-bearing sandstone can be derived using Archie's equation, when m ¼ 2.5. This will give the upper bound on the formation factor. The formation factor of pure sandstone can be derived using Archie's equation when m ¼ 1.8, which gives the lower bound of the formation factor.
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For the clay-bearing sandstone (the fourth model), m is 2.5; for the pure sandstone (the third model), m is 1.8.
Similarly, for each porosity value, these bounds on velocity and the formation factor will become a regular region where all the velocity-formation factor points with same porosity will fall in the crossplot. Inside the rectangular region, moving data from left to right indicates a cementation effect (soft-sand model to stiff-sand model), while moving data from the bottom to the top indicates a change in the clay effect (increasing cementation exponent). Figure 15b describes porosity as the first-order parameter that affects electrical and elastic properties; clay and cement cause secondary effects. Rock physics modeling results show that cementation has a greater effect on elastic properties than electrical properties and clay has a larger effect on electrical properties than elastic properties.
Practical applications
The relationships provided in this study can greatly help to determine permeability, resistivity, and velocity from porosity; to estimate permeability from resistivity and velocity; as well as to determine resistivity from velocity measurements. Special core calibration may be necessary for some of the models. These relationships can be applied at the well log scale as well as at the seismic scale. The following steps can be applied to use these relationships at the well log scale: 1) Define the clean sand interval and clay-bearing sand interval using petrophysical well log analysis. 2) Define the cemented sand interval using advanced rock physics diagnostics (Hossain and MacGregor, 2014) . 3) Apply relationships defined for clean sandstone to the clean sand interval; for clay-bearing sandstone to the clay-bearing sand interval and for cemented sandstone to the cemented sand interval.
Scale is an important issue when applying these relationships at log scale and at seismic scale. Our defined relationships are based on clay and cementation effects, which can be observed at the well log scale. Therefore, we assume that we can apply these relationships at log scale without resolving any upscale-related issues. However, upscale-related issues must be taken into consideration to apply these relationships to seismic scale. In fact, some of these effects are only visible at pore scale; they are not visible at log scale and seismic scale. Therefore, it is recommended to use probability distributions to represent the uncertainty produced by these effects (Grana et al., 2012; Dvorkin et al., 2014) .
Conclusions
We have derived simple empirical relations for porosity, permeability, elastic, and electrical properties for different types of sandstone combining heuristic and theoretical models with laboratory-measured data.
Clean sandstone can be modeled with Kozeny's relation; however, it breaks down for clay-bearing sandstone and diagenetically altered sandstone. We proposed new empirical permeability model considering the diagenetic effects of sandstone. The new model can be used to predict the permeability of different types of sandstone, including clay-bearing sandstone and diagenetically altered sandstone.
The soft-sand model and stiff-sand model can be used to describe diagenetically altered sandstone. For porosity-velocity relations, we simplified soft-sand and stiff-sand models. Combining these relations with the new permeability models, we defined permeabilityvelocity relations for clay-bearing sandstone and diagenetically altered sandstone.
We defined Archie's relations for clean, clay-bearing sandstone and diagenetically altered sandstone. Combining these relations with the new permeability model, we defined formation factor-permeability relations for clay-bearing sandstone and diagenetically altered sandstone. Combining these relations with simplified softsand and stiff-sand models, we defined formation factor-velocity relations for clay-bearing sandstone and diagenetically altered sandstone.
We found that porosity is the first-order parameter that affects permeability, electrical, and elastic properties; clay and cement cause secondary effects. The rock physics modeling results show that cementation has a greater effect on elastic properties than electrical properties and clay has a larger effect on electrical properties than elastic properties.
